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Bioenergetics 
Bioenergetics is the field of biochemistry and cell biology which deals with the 


study ofthe processes by which cells use, store and release energy. The quantitative study 
ofenergy relationships in biological system is called bioenergetics. 

A central component of bioenergetics is energy transformation, the conversion of 
energy from one form to another. The biological energy transformations obey the laws of 
thermodynamics. Energy is necessary for growth and reproduction. We cannot exhibit 


93" 


nse k —S te 


Tit bits 


any of characteristics of life without a ready supply í 
» 7 p . 5 
energy. In this chapter we will discuss the ™° 


fundamental metabolic processes which aT% s ontaneous chemical 
photosynthesis and respiration. reaction that releases energy, 
> a . .. catabolic reaction. An 

T K is © ‘| ; 
4.1 Photosynthesis It ic reaction is an 


Photosynthesis is the biological process that 
captures light (solar$ energy and converts it into chemc4 
energy (i.e. organic molecules, e.g., glucose). It takes place 
in plants, algae, cyanobacteria and many bacteria. 

Photosynthesis is a “redox” process which links 
world. It involves the reduction of carbon dioxide into sugê 


into molecular oxygen. The overall reactions of photosynt 
follows: 


anabolic chemical reaction 
onsumes_energy. 


non-living world to the livin 
rs and the oxidation of water 
hesis can be summarized as 


Reduction 


6CO, + 12H;0 Saisie CH 206+ 6H,O + 602 
Chlorophy 


Oxidation 


4.1.1 Role of Light in Photosynthesis - 

Light is a form of energy called Electromagn 
radiation is consist of photons. Photons (Gk. “Phos”= 
packets of energy which come from solar radiation. Photons tra 
contain energy. Short waves contain more energy than long wave. . 

The full range of electromagnetic radiation 1n the universe is called 
electromagnetic spectrum while visible light (380-750 nm) is only a small part of the 
spectrum. 

Visible light: 

Visible light is the part of the spectrum that the human eye can see which is white 
light. Photons of visible light have just the right amount of energy to promote electrons to 

higher electron shell in atoms. Leaves absorb only 1% of total light, which falls on them, 
rest is reflected or transmitted. The synthesis of ATP from ADP or AMP is called 
phosphorylation which is endergonic process. 


ADP + Pi + energy s= ATP 

In photosynthetic organisms the energy comes from 

FAA i obenen ps aS of ATP during BROR E know? | 
otosynthesis is referred to as photophosphorvlati = ; ——— 

Light falls on green tissues nes mie Hole lene Some carotenoids may) 
broken down (photolysis) into H’ ions, OH“ radicals and aba chlorophyll i 

electrons. The OH radicals are collected and reassembled Has eye from intense light 
as water and molecular oxygen, both are released esl cea i dissipa i 
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etic energy Or radiation. Solar 
Light) are separate and distinct 
velin waves, these waves 


„mosphere. The Hydrogen ions ( 

b Tai proton 

into the lumen. H ionsare used to LAE Boke, the ae saei 

4.1.2 ke A Photosynthetic Pigments „in photosystem *. 
photosynthetic pi . i 

photosynthetic bacteria meh i is a pigment that is present in chloroplasts oF 

pifferent pigments absorb ee light energy necessary for photosynthesis. 

colours when passed r sspricen, erent wavelengths. The light app°®! in different 


carotenoids: 
These are a group of yellow, orange, red or b 

jgments that absorb blue, violet and green li ht Th aa 
associated with the chlorophyll inside the oa fbr 
occur alone inside the chloroplast. Pe cdetitateor 
different wavelengths than chlorophyll, so broaden the 
spectrum of light that provides energy for photosynthesis 
The chlorophyll b and carotenoids together are called 
accessory pigments because they absorb light and transfer 
the energy to chlorophyll a which then starts the light 


Tit bits 
Carotenoids in flowers and 
suits attract insects, birds 
and other animals for 
pollination and seed 
dispersal respectively. They 
also protect chlorophyll from 
oxidation by oxygen 
produced in photosynthes is. 


reaction. 
Carotenoids ——~ Chlorophyll b ———? Chlorophyll a 


Chlorophylls: 

Chlorophylls are green and main photosynthetic pigments which absorb violet, 

blue, orange and red wavelengths, while green and yellow are least absorbed and are 
f chlorophylls (a, b, ¢ die 


reflected (therefore, leaves look green). There are six types O 


and f) out of these only two types 0 
aand b. Chlorophyll c and d are found only in algae while ch 


only in bacteria. 


ccur in chloroplasts of higher plants, i.e. chlorophyll 
lorophyll e and fare found 


Do you know? 


There are two types of carotenoids, i.e. Carotenes and Xanthophylls. 


C euer (Red to Orange): 
arotenes are hydrocarbons with a general formula of C„H,. Red colour of tomato and chilli 


are due to onvatenes, The most common carotene is beta-carotene 
A by animals and human beings. 4 which is converted to vitamin 
anthophylis (Yellow to : 


L i p. ylls are yellow pigmen S that are Jay ; 

vegetables zeaxanthin (Cy, Hs, O) e the two eee Siskorh ite tives of carotenes. 

sand other foods like eggs. Yellow colour of leaves in autumn is ae ga leafy 
utein. 


ae is called fucoxanthin (C 
ds, soluble in organic oy ert he tip iiei carotenes and 
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Chlorophyll a: ‘a thu 
It occurs in all photosynthetic organisms except pigmented baoe etic pig 
as universal photosynthetic pigment. It is also known as primary photosy” : 
because it involves in primary reaction during photosynthesis, i.e. aa 
into chemical energy. Molecular formula of chlorophyll a is (Cos Hn Os as 
Chlorophyll b: 
Chlorophyll b occurs in all photosynthetic 


organisms except brown, red and blue green algae. Porphyrin is derivative by 
Molecular formula of chlorophyll b is (C,,H,,O,N, M8). hin, consists Of. J b 
Je like rings linked by 


Structure of Chlorophyll: 

Each chlorophyll molecule has two main parts, | 
one flat square part which absorbs light and hydrophilic 
head. The other part is long anchoring hydrophobic 
carbon tail. 

The head of chlorophyll is composed of four 
pyrrole rings (pyrrole is five sided unsaturated nitrogen 
containing compound) having M g” in the center, thus itis 
Mg’ porphyrin with two side chains. 


porphyrin in Heme and 
cytochrome. 


Chlorophyll 4@ = Te 
Chlorophyll molecules sae eta 8s Chlorophyll b® = - 
embedded in a Ae” AX LAS, 
protein complex sa ee i A a ae | 
in the thylakoid Po a 
membrane 


Porphyrin head 


Thylakoid 
membrane 


Thylakoid 


Hydrocarbon ae 
tail | CH2 


Granum 


id Fig. 4.1 Structure of chloroplast and chlorophyll 
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rt light energy 


a. Acid chain: Itis amethyl(CH,) ester (H,C-O—C=O). 
b. Hydrocarbon chain: It is a long hydrocarbon tail which is attached to one of the 
pyrrole rings and is an alcohol phytol (C,, Hə) (it is an ester linkage with propionic acid) 
(CH, a CH, F COOH). 

hor the molecule in 


Phytol consists of four isoprene units. It is insoluble and serves to anc 
the membrane of the granum (molecular formula of isoprene is (CH=C-CH,-CH=CH,) / 


(C.H,). 
Differences Between Chlorophyll a And b: l 

There is only one difference between chlorophyll a and b that is one of functional 
group bonded to the porphyrin. In chlorophyll a methyl group (CH;) while ın 


chlorophyll b aldehyde group (-C HO) is present. 


Role of Pigments in Photosynthesis l 

The clusters of photosynthetic pigments are called photosystem. Each pigment 
complex is composed of chlorophyll a and b molecules with accessory pigments. When 
these pigments absorb light they are said to be excited. The light energy is used to boost 
electrons to a higher energy level which is transferred into chemical energy. The excited 


state is unstable and molecules will tend to return to its unexcited state. 

The energy which is released during this process can be passed from one 
chlorophy!! molecule to another chlorophyll molecule. The instrument which is used to 
measure relative abilities of different pigments to absorb different wavelength of light is 


called Spectrophotometer. 
4.1.3 Absorption Spectrum 


It is a measure which exhibits 
the absorbed amount of the light of 
different wavelengths (different 
colours) from the visible spectrum of 
light. The main photoreceptors are 
chlorophyll a and chlorophyll b 
which absorb violet blue (430 nm) 
and red light (670 nm). The green 
light (550 nm) is least absorbed. The 
carotenoids absorb light between 
430-470 nm of light spectrum and 
transfer it to chlorophyll b then to 
chlorophyll a. The chlorophyll a and 
b show different absorption spectra as 
shown figure 4.2 (a). Chlorophyl! a k 
shows absorption peaks at about 680 ime Be 


Chlorophyll b 


Chlorophyll a 
Carotene 


Absorption 


Green Yellow Orange Red 
) 600 


760 


and 700 nm while chlorophyll 6 WavsieKoih 
absorption peaks range between 450- <<, RAIN ths wae 
ATS na Fig. 4.2 (a) Absorption Spectra 


4.1.4 Action Spectrum 
A graph showing the measure of effectiveness of 

light of various wavelengths in driving photosynthesis is 

called action spectrum. Some of absorbed light is released |Accessory pigmen is 
as heat and rest of light is stored in organic compound as |?0/08Y niherie pigeon 
chemical energy. Action spectrum of a particular pigment e di “a” the 
can be calculated by measuring the rate of photosynthesis pi rimary pigment which 
at each type of wavelength of light. A plant is illuminated |j,j/jares the reaction o 
with light of different wavelengths. During photosynthesis |phorosynthesis. Accessory 
plant gives off oxygen. As photosynthesis produces pigmants are € arotenoids, 
oxygen and consumes CO,, the rate of production of |?/¢ obilin, A pein pte TA 
oxygen or consumption of CO, can be used as a measure of C plaenaat - 
the rate of photosynthesis. . 


4.1.5 Arrangement of Photosynthetic Pigme 
Photosystem I and II 
Light reaction takes place in 100; 
the grana of chloroplast. It is 
initiated when photosynthetic 
pigments capture light energy. The _ 
clusters of photosynthetic pigment * 
complex are composed of. 
chlorophyll a and b molecules and 
accessory pigments (carotenoid. 
pigments). There are two 
photosystems, namely photosystem 
I (PSI) and photosystem II (PSII) 109 pjm 
named so in order oftheir discovery. 
Each photosystem contains several £ & 
hundred pigment molecules. = 
i 


Do you know? ( 


nts in the form of 


There are two parts of each 
photosystem i.e. antenna complex g 
and reaction center. The A | bid ana 


po 


complex possesses many molecules | 
of chlorophyll a, b and carotenoids. f 
All these pigment molecules in the & | 


photosystem serve as an antenna for tro oo -n 

gathering solar energy, which is Wavelength (nm) ba 
assed fr p 5 

p om one pigment to the Fig. 4.2 (b) Absorption and Action spectra 


other and finally transferred to the of different pigments 


reaction center. Reaction center contains one more 1? 
molecule of chlorophyll a alongwith primary payon tunaw 
electron acceptor and electron carriers of electron 
transport system. Electron transport system plays a 
role in the generation of ATP by chemiosmosis. The 
PSI absorbs light of 700 nm and is called P700 while 
the PSII absorbs light of P680 nm and is called P680. 
The primary electron acceptor traps the electrons 
from the reaction center and then passes them on to 
the series of electron carriers. Electrons have two 
pathways in the light reaction of photosynthesis; The 
non-cyclic electron pathway (flow) and cyclic 
electron pathway. The cyclic is less common and 
generates only ATP while non-cyclic is predominant 


and generates both ATP and NADPH). 


The action spectrum is somew 


light are given, there is more 
photosynthesis in red than in blue 
part of the spectrum. 


Reaction 
center 
chlorophyll 


Photon 


Thinking Question 
The stomata cover only I to 
2% of the leaf surface but 
they allow proportionally 
much more gas to diffuse, 
why? 


Electron 
. donor 


Chlorophyll Antena complex 


Fig. 4.3 Structure of Photosystem 
4.1.6 Role of CO, in Photosynthesis 
Air contains about 0.03 to 0.04 % of CO, . This CO, is used by terrestrial plants for 
photosynthesis while aquatic plants use dissolved CO, and carbonates present in water as 
source of carbon. The chloroplasts of guard cells of stomata absorb CO,, some of which 
react with water to form carbonic acid. 
CO, + HO —— H,CO, 

a In the presence of solar energy carbonic acid in the guard cells is decomposed 

again into water and CO.. j 
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H,CO, ——> H,O + CO, i 
Water and carbondioxide are rapidly used in photosynthesis to synthesize organic 


substances. The entry of CO, into the leaves depends upon the opening of stomata. 


4.1.7 Role of Water in Photosynthesis l 

Water is one of the raw materials used in 
photosynthesis. A film of water present around mesophyll 
cells of leaf helps to absorb CO,. The water molecule 1s 
broken down into hydrogen and oxygen by the Poso during 
photolysis. The hydrogen combines with CO, to form 
organic food and molecular oxygen is released into 
atmosphere during photolysis of H,O. Earlier 1t was 


thought that the oxygen released in the process of 
photosynthesis comes from CO,. Van Neil 1903, was first who observed that water splits 


during photosynthesis, hydrogen released from water is used to synthesize glucose while 
O, is removed as byproduct. The idea of Van Neil was also supported by another Scientist 
named Hill. In first experiment water was made of O and algae were grown in it. The 
oxygen evolved during photosynthesis was found to be radioactive (O ). 
ig 18 
6CO,+12H,0" ©", C,H,,0, + 60, + 6H,O 


In second experiment CO, was made by O” the oxygen evolved was without 


Tit bits 
Photolysis is the splitting ofa 
chemical compound by 
means of light energy ie, 
photons e.g., photolysis of 
water in photosynthesis 
produces H* and O). 


isotope. | 
6CO,"+12H,O U8", C.H,,0!%+ 6H,O" + 60, 


Thus above experiments proved that source of oxygen evolved during 
photosynthesis was water. 


4.1.8 Light Reaction 

It occurs in the presence of light in the thyllakoids of granum of chloroplast. The 
light reaction involves absorption of light by photosystems, flow of electron through 
electron transport chain i.e. chemiosmosis and reduction of NADP. 
Photophosphorylation: In light reaction addition of phosphate to ADP in the 
presence of light is called photophosphorylation. There are two pathways: 
(i) Cyclic photophosphorylation (ii) | NonCyclic photophosphorylation 
Cyclic Photophosphorylation: The cyclic photophosphorylation is less common and 
generates only ATP while non-cyclic photophosphorylation is predominant and 
generates both ATP and NADPH,, 
Non-Cyclic Photophosphorylation: 
electrons move from water through PS-II to 


Photosystem II: 
When light strikes the chlorophyll molecules in PSII (p680) its energy causes the 
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During non-cyclic photophosphorylation 
PS-I then to NADP. 


ea 


chlorophyll molecule to be activated. The activated chlorophyll loses its two electrons 
and the positively charged chlorophyll molecule is left in the photosystem with a gap of 
two electrons. The high energy electrons instead of falling back into the photosystem are 
captured by primary electrons acceptor of first electron transport chain. The primary 
electron acceptor is pheophytin which then passes the electrons to a plastoquinone 
(PQ). Now from primary electrons acceptor, the electrons pass along a series of electron 
acceptor molecules from one to another in oxidation process. These electron acceptors 
are two cytochromes (cytochrome b and f) and plastocyanin (PC) (a copper containing 


protein). 


Production of ATP: 
When electrons are passed through electron transport chain, they lose energy. 


Some of the energy lost by electrons between cytochrome b and cytochrome fis used to 
make ATP from ADP and Pi. This ATP, which is generated by PS-II will provide energy 
for Calvin cycle where CO, 1s fixed to synthesize sugar. 


excited chiorophyii molecules 


higher energy 


potential for reduction of oxidized form (volts) 
lower energy : 


a Photolysis 
26 <«---H,O---+2H + 1/2 O2 
Fig. 4.4 Non- cyclic photophosphorylation (Z-scheme) 
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1. Why do we consider 
2. Trace out the environmental factors that affect the rate of photosynthesis? 


eel O [pa 


a ee ESO 


Phetosystem l: 

rhe electrons from PS II pass to PS I. The electrons from plastocyanin are 
received by another photosystem called photosystem I (P70), where these electrons are 
boosted to high energy state by absorbing a photon of light. 

Che photoexcited electron of PS I enters in the second electron transport chain. 
Here electrons are accepted by ferredoxin (FD), which is also an iron containing protein, 
"he enzyme NADP reductase (flavo protein enzyme) by a redox reaction transfers the 
electrons from ferredoxin to NADP. The NADP combines with electrons and hydrogen 
to form NADPH,. 

ATP and NADPH are used in Calvin cycle to produce sugar. 

NADP™ 2e +2H* ——> NADPH +H 

When photosystem II absorbs light water molecule splits into OH and H“. The 
OH ions react to form some water and release oxygen and electrons. 

4H,O ——» 4H + 4(OH)+4e 

4(OH ) ——-> 2H,0 + O, 

The electrons from water molecule are accepted by positively charged 
chlorophyll molecule of photosystem II, thus the emptied hole is filled i the two 
energized electrons while PS I receives electrons from PS II. 

Z-Scheme: 

The light reaction of the PS II and PS I follows zigzag path, therefore, non-cyclic 
electron transport is also called Z-scheme of light reaction. 

Cyclic Photophesphorylation (Cyclic Electron Transport): 

It consists of only PS I and occurs in rare condition i.e. when PS II is blocked. The 
electrons released by Pa of PS I in the presence of light are taken up by primary electron 
acceptor of PS I. The electron acceptors consist of ferredoxin (FD), cytochrome b, 
Cytochrome f, plstocyanin (PC) and finally back to Pa i.e. electrons come back to the 


same place after cyclic movement. 
The cyclic photophosphorylation also result in the formation of ATP molecules 


just like in non-cyclic photophosphorylation. As the electrons move downhill in the 
electron transport chain, they lose potential energy and ATP molecules are formed (jusi 
like in mitochondrion during respiration). Electrons of PS I do not pass to NADP instead 
come back to Po. It is important to note that oxygen and NADPH, are not formed during 
cyclic photophosphorylation. 
Which conditions lead to cyclic electron pathway? 
i. When production of ATP is low thus Calvin cycle does not begin. 
2. -` Duetoslowrate of Calvin cycle, NADPH, do not oxidize into NADP. 
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There are many other enzymatic 
reactions which use ATP in stroma, thus 
Calvin cycle becomes slow. 

4. Limited supply of CO, also affects 
carbohydrate synthesis . 


Summary of Light Reactions: 
Requirements: 

i Light 

2 Enzymes needed for different reactions 
inthe chloroplast 


H,O 


NADP 
ADP and Pi (inorganic phosphate) 


U 


3 
4 
5. 

3 e chemiosmotic Photosystem | 
‘ oducts: synthesis of K 
2 
3 


Oxygen 
ATP 
NADPH, 


Fig. 4.5 Cyclic photophosphorylation aL 


r 9 Ac tivity 5 


| ]. Draw the Z-scheme for explaining the events of light dependent reactions. 


| 2. Draw the labelled structure of chloroplast. 
Table 4.1 Comparison between cyclic and non-cyclic photophosphorylation 
Non-cyclic photophosphorylation Cyclic photophosphorylation 
Elections do not come back to the same _ | Electrons come back to the same 
molecule. molecule. 
First electron donor is water. First electron donor is Pro) (PS D. 
Involves both PS I and PS II. Involves PS I only. 
Last electron acceptor is NADP. 


The net products are ATP, NADPH, and O,.| The Product is ATP only. 


4.1.9 Light Independent Reaction or Dark Reaction 
The light independent reaction was discovered by Melvin Calvin and coworkers 


(1950) at the University of California. He was awarded Noble prize in 1961 for his work. 
Therefore, this cycle is also called Calvin cycle. They used radioactive isotope of Cin 
CO,.Light independent reactions do not need direct energy of sunlight. It may 
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> 


, _,as to differentiate it fro | 
lled dark reaction, SO as t E 4 
) | iti sailed € 
occur during day time but It 1$ © 
oroplast bya 
rate 
is fixed into carbohyd 


reaction. 

Calvin cycle occu 
series of reactions in which CO; 
(CH,O)n inthe absence of light. I eg ates 

The Calvin cycle is completed in 
; : ~~ Do you know? 
1) Carbon fixation aa Bee 
ii) Reduction tion . 

F . sphate. 
Regeneration ofribulose bi-phosph 


rs in the stroma ofchl 


ili) 
Carbon Fixation: n air 
It is first step of dark reaction in which oe arn 
combines with pre-existing five carbon es i eat 
sugar known as ribulose biphosphate (R uBE). ‘< formed. 
an unstable 6-carbon intermediate compound ži d RuBP | 
The enzyme that speeds up this reaction 1s aah 


carboxylase; also known as Rubisco. iecule exists fot Calvin 
The six carbon intermediate molecu 


i amed- |, 
such a brief time that it cannot be isolated and thus n r} 
as an intermediate compound. 
EGA its into two molecules of three carbon 


intermediate compound splits into À t 
PE ee, acid (PGA). It is first identifiable product in dark reaction, 


Therefore, Calvin cycle is also called C, Cycle. 
CO, +RuBP(C,) ——> C, (intermediate compound) — 2 PGA(C,) 
The carbon that was part of CO, molecule is now a part of organic molecule. This | 
is called CO, fixation. 


Reduction (Formation of PGAL or G3P): 
In this step the product of light reaction that is ATP and NADPH, are used. Each 


molecule of phosphoglyceric acid (PGA) receives energy from ATP and H' from 
NADPH, forming 3 carbon phosphoglyceraldehyde (PGAL). In this step water is also 
formed. In reduction process fixed carbon is reduced into a 3-carbon sugar molecule of 
PGAL. 
PGA + ATP + NADPH, ——» PGAL+ ADP + Pi + NADP + H,O | 
ADP and Pi and NADP return back to li ght reaction where ADP is converted into. | 
ATP and NADPis reduced into NADPH, 
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Stroma of Chloroplast ` 3 Molecules of 


, Carb 
dioxide (CO,) 


3 molecules of 6 molecules of 


3-phosphoglycerate (3c) (PGA) 


N 
6 ADP 


6 molecules of T% 


1,3-bisphosphoglycerate (3C) 


G3P dehydrogenase 


:.® 
Reverse of 
5 molecules of glycolysis 


Glyceraldehyde 3-phosphate (3C) 


Ee E S 


Ribulose 1,5-bisphosphate (RuBP) (5C) 


3 ADP 


d 
6 NADP 
6 ® 6 molecules of 


Glyceraldehyde 3-phosphate (3C) (G3P) 


1 molecule of 


Glyceraldehyde 3-phosphate (3C) (G3P) 


Glucose and 
other sugars 


Fig. 4.6 Calvin cycle 


Regeneration of RuBP (Formation of glucose and other organic compounds): 
For every turn of Calvin cycle five molecules of PGAL are used to reform three 


molecules of RuBP, so that cycle can continue. Italso uses ATP of light reaction. 
5 PGAL+ATP ——> ADP+ Pi+3RuBP , 
Thus out of every six molecules of PGAL formed in the reduction stage, only one 
molecule leaves the cycle, which is to be used by plant for making glucose and other 
organic compounds. 


Use of PGAL 
From PGAL 3C, 4C, 5C, 6C and 7C compounds are produced, all are 
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‘nterconvertible. Two PGAL molecules from Calvin apie S eon A Blucose | 
phosphate within chloroplast. Glucose phosphate is then wer E starch, Fixeg | 
carbons leave the chloroplast in the form of dihydroxyacetons © ‘hes beeen itis | 
formed from PGAL. In the cytoplasm DHAP can be used to syn ae e six carbon 
Sugars, glucose and fructose, which are then join’: a Sa Sucrose, i 
Glucose is also used to synthesize cellulose- Glucose H y ees into 
amino acids (with the addition of nitrogen). Other compounds like organic acids that iş 
fatty acids and glycerols appear quite rapidly in the cell during paoros i A Glucose 
accumulates more than other compounds, so it was observed ae readily by early | 
investigators in chemical analysis. Other compounds can be seen by more sensitiv, | 


methods. 
| 


4.2 Cellular Respirati ions in li 
spiration dation reduction reactions in living things 


Respiration is a series of complex oxi i ! 
In this process cells get energy through the break down of various organic substances 


There are two types of respiration aerobic and anaerobic. 


Aerobic Respiration: (Gk. “Aeros”air) 1 Gl 
Aerobic respiration takes place in the presence oir een me a a 
and H,O, which are low energy 


high energy molecule and its breakdown product is CO, 
molecules thus the stored energy is released. The electrons are removed from substrate 


(e.g., glucose) and eventually received by oxygen atom which combines with H'to form 
water. The overall equation of aerobic respiration for breakdown of glucose can be 


written as follows: 
C.H,,0, + 60, + 36ADP + 36Pi == 6CO, + 6H,O + 36ATP 


Anaerobic Respiration: e 
Anaerobic respiration takes place in the absence of molecular oxygen, it is also 
known as fermentation. It is incomplete oxidation reduction reaction. The energy 


released from the substrate (glucose) is a result of its molecular rearrangement and some 
of this energy is available to the cell. The NADH is oxidized to NAD, it is called 


fermentation because glycolysis is followed by the reduction of pyruvate by NADH to 
either alcoho! and CO, or lactate. 


Alcoholic Fermentation: 
In primitive cells and cells of some eukaryotic organisms such as yeast and plants, 


pyruvate is further broken down by alcoholic fermentation into alcohol and CO,. 
Be] 06> 


2ADP+2 ®) 


l 
| 
Glucose Ea: 
CH, 
Í 2 Pyruvate 


2 Acetaldehyde 


(a) Alcohol Fermentation _ (b) Lactic Acid Fermentation 
Fig. 4.7 Fermentation 


Lactic Acid Fermentation: : 
It takes place in many bacteria, animals and muscles of human. Each pyruvate 
molecule is converted into lactic acid in the absence of molecular oxygen. 


Process of cellular respiration: 
It takes place in four steps. 
1. Glycolysis 2. Oxidation of pyruvic acid 
3. Krebs cycle 4. Electron transport chain 


Electrons 
carried 
via NADH 


Electron 
KREBS Transport 
CYCLE Chain and 
Oxidative 
Phosphorylation 


Substrate-level Substrate-level Oxidative 
phosphorylation phosphorylation phosphorylation 


Fig. 4.8 Process of cellular respiration 
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d it is the break down of gly 


7 an 
Á : COse ; 
sand evolved befor Se 
1s a e the krep, „to 


toplasn 


C ; 
4.2.2 Glycolysis R 
Glvcolysis takes place in the ¢ Il organisn 
é two pyruvate molecules. It 1s found in to lasm and does not re molecular CYcle 
: and ETC. This occurs in C} tosol of Y teria). Each step 18 catalyzed by an enzym Ben 
- “es was anacrc 4 z A 
(thus probably first a AT into two stages, P! eparatory phase and oxidative ph 
Glycolysis can re C 2 x lyceraddehyde 3 phosphate © Phase, 
2Pi+ 2 NAD. LiiR ' A 
per phe 
Hexokinase a Mn”* 2 NADH | dehydrogenase 
a 2x1-3, Diphosphoglycerate 
Glucose 6 phosphate 2ADP— M | 
osphoglyceric 
P o | | Mg” ATP || acid kinase.Mg2* 
Fructose 6 phosphate 2x3, Phosphoglycerate 
ATP aa: MT s 
Phosphoftructo- E [Parte i 
- ki mutase p 
kinase |Ns ADP ae 
Fructose 1, 6 diphosphate wis te 
x l bale an er 
i | | aldolase Ble i i 
( P Phosphotroise 2x Phosphoenol pyruvate T 
. Dihydroxyacetone <> Glyceraldehyde 24D : 
3-phosphate Isomerase  3-phosphate Py 
Net 2ATP are produced. 2ATP 4 a 
2xPyruvate 


Fig. 4.9 » Glycolysis 


nvestment phase): 
denergy is utilized, the steps are: 


Preparatory Phase (energy i 
ATP which produces an activated 


In this phase breakdown of glucose occurs an 

1. Phosphorylation of glucose takes place by 
glucose 6- phosphate molecule. 

2. Glucose 6- phosphate is converted by an enzyme to its isomer fructose 6- 


phosphate. 

3. Another ATP molecule transfers a second phosphate group forming 1,6 
biphosphate fructose. 

wo molecules of 3-carbon molecules 


The 1, 6 biphosphate fructose splits into t 


: | 
(Phosphoglyceraldhyde (PGAL) and dihydrooxyacetone phosphate) which are 


| 


isomers and readily interconvertible. 
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= So ee OOOO a E O 
tive Phase (Energy yielding phase): 
electrons or tw ; 
ere is oxidized d weeks atoms are removed from the molecule of PGAL 
-. veduced. Inorgani electrons are transferred to a molecule of NAD which 
is reduced. Inorganic phosphate is ‘ek 
phosphate is donated to the molecul present in the cell, from which a secon 
or DPG). ecule forming 1,3 bi or diphosphoglycerate (BPG | 
y DPG is converted to 3 phosphoglycerate (3- i hate bond 
2. is transferred from DPG to ADP forming aa GA). Meanwhile a phosp 
3 PGAIS converted to 2 phosphoglycerate (2PGA). 
m PGA a molecule of water is removed and phosphoenol pyruvate (PEP 
(@) ; 
PEP then gives up its high energy phosphate which converts ADP to ATP. The 
roduct is pyruvate or pyruvic acid (C,ĦH,0,). It is equivalent to half glucose 
molecule that has been oxidized to the extent of losing two electrons as hydrogen 
atoms. 
4.2.3 The Oxidation of Pyruvic Acid 

Ittakes place into two stages. | 
j, Oxidation of pyruvic acid to form Acetyl Coenzyme A. | 
ay Oxidation of Acetyl Coenzyme A. 

Oxidation of Pyruvic Acid: 

It is a transition reaction during which CO, is released. The oxidation of pyruvic 
acid 1S called transition reaction because it connects glycolysis and krebs cycle. In this 
reaction pyruvate is converted to 2-carbon acetyl Co A by attaching coenzyme A. It gives 
off carbon dioxide. This is an oxidation reaction in which electrons are removed from 
yruvate by dehydrogenase that uses NAD as a coenzyme. This reaction occurs twice for 


each original glucose molecule. 
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Fig. 4.10 Oxidation of Pyruvic Acid 


Oxidation of Acetyl Co enzyme A: 
It takes place through krebs cycle. As a first step 4-C compound oxaloacetate 


binds with 2-carbon acetyl CoA to become 6-carbon compound. This 6-carbon 


eel 0900 


jdation reactions. Two carbon 
compound which is fine 


compound passes through a series of electron yielding Be ud 

dioxide molecules are given off. Finally regenerating i 

to bind another acetyl Co A. This cycle is called citric 4 

cycle or krebs cycle. 

4.2.4 Citric Acid Cycle or Krebs Cycle a 
This is cyclic metabolic pathway located ae oe 

matrix of mitochondria. The krebs cycle was name a 

Sir Hans krebs a British scientist who discovered it! 

up (produced by transition reaction) 


Steps of the Krebs cycle: , 
I. At the start of this cycle the (2-C) acetyle grow" : 
joins with a (4-C) oxaloacetate molecule, forming 6-carbon citrate molecule. 


= Citrate is converted to an isomer called isocitrate. 
Acetyl-CoA (from transition reaction) 


Do you know? {¢ 


Krebs cycle is also called 
Tricarboxylic acid cycle 


CoA 


De ra Citrate 
Oxaloacetate 


alate Vas AD" NADH y Isocitrate 


CHC] 
— CO, 
Citric Aci 


a N ADH<+—— NAD" 
H,O—> Alpha- 
Cycle ketoglutarate 
Fumarate 
| wie) m 
NADH <—— i CoA 
FAD —> FADH, Succinyl-CoA 


Succinate 
Coa” GDP + @)—> GTPp—> ATP 


Fig. 4.11 Krebs cycle 
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3. Isocitrate is oxidized by NAD 
to 5- 
NADH, and CO, is released. - : 
a Alpha-ketoglutarate is co 
to NADH,, another mo] 


alpha-ketoglutarate, NAD is reduced into 


ie into 4-carbon succinyl CoA and NAD is reduced 
ecule of carbon dioxide is removed. 


5i 4-carbon Succiny] CoA ; AM 
which reacts ue ADRGR to 4-C molecule, Succinate. GTP is formed 
Now Succi i i 

0; > inate 1S converted to 4-carbon Fumarate and FAD is reduced into 
FADH.. 

i. Fumarate combines with water to produce 4 -carbon Malate. 


Malate is oxidized by NAD to Oxaloacetate and NADH, is formed. 


Oxaloacetate i i i 
cycle © 1S again ready to combine with Acetyl CoA to start a new citric acid 


4.2.5 Electron Transport Chain (ETC) 

The ETC is located in cristae of mitochondria. It consists of series of carriers that 
pass electrons from one to the other. The electrons that enter the ETC are carried by 
NADH and FADH, formed during krebs cycle and glycolysis 

Whenever hydrogen is removed from a substrate 
there are seven intermediate hydrogen acceptors to catch 
the atom. They are NADH reductase complex (FMN and 
Fe-S), FADH reductase or co-enzynie Q or Ubiquinone 
(UQ) and four cytochromes that is b, c, a and a; 
‘cytochromes become pink in color when they are reduced. 
They are protein plus pigment molecules containing iron. |removed, ATP and H,O are 
They have ability to gain or lose electron. While \ermed. 
wiqin not protein it is lipid soluble and water Thinking Questions 
insoluble). Electrons are passed to ubiquinone, at this ste : ie 
an electron is split off the hydrogen atom. The aaa ren ee ae 
becomes free and electron is passed successively from |chain, while each FADH, 


gives 2ATP. Can you guess 
why? 
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> Mee 
Do you know? $ 


FADH, molecules. These 
enter in electron transport 
system where H are 


coenzyme Q to cytochrome b, c, a and a}. 


Steps of Electron Transport Chain: 

1. The substances in the chain event are alternately oxidized and reduced. 

Oxidation is accomplished by the loss of hydrogen in case of NAD, FAD and the 
coenzyme while oxidation is accomplished by loss of electrons from cytochrome 
b, c, a and a}. 

Since two hydrogen atoms are released at a time and cytochrome b through a, can 
accept only one electron at a time so there are two cytochrome systems to capture 


pel 1 Los 


ewo ee ee = 


ae 


final transfer from 


the electrons. ae the 
4. An electron and proton are brought together after the 
cytochrome as. [It produces hydrogen. 
oxidation NADH, ae, rlavoprotein (FMN and Fe-S) 
CO, NAD’ AvP +i 
se iia Flavin H Me, oe - 
oxidation oe sla Ubiquinone 
CO, Flavin cytochrome b l 
ADP + Pi 
| a 
Cytochrome c 
140, Cytochrome oxidase ADP + Pi 
HO : (cytochromes a and a3) ATP 
1 ansport Chain 


Fig. 
d water is the final product. 


rogen acceptor an 


Molecular oxygen is the hyd 
quinone cyt. b to c, a to a,. The 


8: 
On AW + 4c. 
flavoprotein to ubi 


s released at three steps, 
ADP to form ATP. 


6. Energy i 
released energy is captured by 
7. Electron transport chain is the main producer of ATP. 
4.2.6 Chemiosmosis 
Chemiosmosis is the synthesis of ATP from ADP Tit bits 
e electron transport chain through the joint | Chemiosmosis is ti : 
es. The k, ie 


and Pi in th 
d osmotic process 
Peter Mitchell 


event of chemical an 
chemiosmotic theory was proposed by 

who got Nobel prize in 1978 for his chemiosmotic theory 
of ATP production in mitochondria and chloroplasts. 

. The chemiosmosis can also be defined as the 
coupling reaction in which synthesis of ATP molecule 
occurs during the movement of H' across a proton 
gradient. Chemiosmosis generates more ATP as 
compared to substrate level ATP phosphorylation. 


Mican ates Chemiosmsis: 
me ens membranes have transmembrane channels. These channel 
protons. The flow of electron induce a change in the shape of mail td 
eq] | 28 | 


i A = 


proton move out of the inner compartment of mitochondria. As a result the proton 


(H conc.) in the outer compartment i i s greater than 
that of inner compartment. p of the mitochondrion becomes g 


Intermembrane 
space 


Inner 
mitochondrial 
membrane 
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ATP _ 
synthase 
Fig. 4.13 Chemiosmosis 
2,  Electrical-chemical proton gradient is established between outer and inner 
membrane. This gradient drives the outer proton across the membrane. Thus the 
proton move down this gradient between the inner and outer mitochondrial 
compartments. Their movement induce the formation of ATP from ADP and 
inorganic phosphate. This process is controlled by an enzyme ATP synthase. 
3. The électrons are obtained from the chemical bonds of food molecules in all 
organisms. This electron removing process needs free oxygen, so it is called 
aerobic respiration. 
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esis, respiration and photorespiration. 


2. Draw different steps of ETC. 


4.2.7 Substrate level phosphorylation 

Substrate level phosphorylation occurs in the cytoplasm of the cell during 
glycolysis and in mitochondrion during the krebs cycle under both aerobic and anaerobic 
conditions. 

ATP formation from ADP and Pi needs input of energy. The energy comes from 
breakdown of organic molecules in the cells. This type of reaction which releases energy 


| #41138 


is called exergonic reaction. An enzyme transfers a phosphate group to ADP from g 
substrate, so ATP molecule is formed. The energy from exergonic reaction is greater than 
the energy input necessary to drive ATP synthesis. The substrate level phosphorylation 
appe ared very early in the history of organisms. It is recorded in all organisms because 
initially organisms used carbohydrate as an energy source. Moreover first organisms 
were anaerobic. 


Citric acid 
cycle 


Fig. 4.14 Energy yield per glucose molecule 


4.2.8 Importance of PGAL 
The preparatory phase of glycolysis completes with the splitting of fructose bi- 


phosphate into PGAL and Dihydroxyacetone phosphate (DHAP) and both are inter- 


convertible. i 
The oxidation of glyceraldehydes 3-phosphate produces 1,3 biphosphoglycerate 


and 2 NADH molecules which lead to the formation of pyruvic acid. _ | 
PGAL is also formed during the Calvin cycle of photosynthesis, one PGAL 


molecule leaves Calvin cycle. It is converted into glucose phosphate within chloroplast | 
which is converted into starch. 
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Fixed carbons leave the chloroplast in the form of dihydroxyacetone phosphate. It 
is formed from PGAL. The DHAP can be used to make the six carbon sugars, glucose and 
fructose which become a disaccharide, called sucrose. Now sucrose is transported to 
other parts of the plants. 

4.2.9 Cellular Respiration of Proteins and Fats 

Animals and humans (pp 
besides glucose also consume fats 
and proteins to harvest energy. 
Fats are broken down mip glycerol i Sugars Glycerol Fatty 
and three fatty acids. First the acids 
glycerol is phosphorylated then 
enters the glycolytic pathway at 
the level of glyceraldehyde 3- 
Phosphate (PGAL) while fatty 
acids (2-C), enter in the 
mitochondrion where their 
carbons are removed. They form 
acetyl CoA (2-C) which is entry 
point for krebs cycle (an 18-carbon , 
fatty acid results in nine acetyl } 
CoA molecules). One gram fat 
provides about 2.5 times more 
energy than carbohydrates or 


proteins. 
Animals digest proteins 


into amino acids, if it is in 
excessive quantity or body is 
starved then amino acids can be 
used as fuel. The size of R-group 
determines whether the carbon 
chain is oxidizing in glycolysis 
(Pyruvate) or in the Krebs cycle or 
cetyl CoA. 

Am:no acids are degraded, 
the amine group is removed to 
yield ammonia this process is Fig. 4.15 Cellular Respiration of Proteins and Fats 


called deamination reaction. 
iDa 


Oxidative 
phosphorylation 


4.3 Photorespiration 
This process occurs only in photosynthesizing cells of the plants. It is opposite to 


ae because in it oxygen is used instead of CO, and instead of oxygen, carbon 
pm is re eased (like respiration). It differs from ordinary respiration of cell which 
saa in mitochondria at night and in non-green tissues of plant while photorespiration 

es place in the presence of light and only in photosynthetic cell. The oxygen is 
absorbed but unlike respiration do not produce energy (ATP). 


4.3.1 How RuBP reacts with oxygen in photorespiration? 
Photorespiration is related to the functioning of the enzyme ribulose biphosphate 


(RuBP) carboxylase which also acts as oxygenase (combines with O, instead of CO,). 
The RuBP carboxylase is also known as Rubisco. When rubisco acts as carboxylase it 


adds CO, to RuBP (an acceptor O 
2 Oxygenase 

molecule) to produce two (RUBISCO) 
molecules of PGA while during m Jap Ptotheatvoolal 

‘ spho cola 
oxygenase, it adds oxygen to RuBP Š C, cycle j = F 
and produces one molecule of PGA j= PGA PGA 

d hosphoglycolate. Th 5 
and one phosphoglycolate. fhe ADP 
phosphoglycolate loses its ATP P; 
Glycerate Glycolate 


phosphate to become glycolate. 
There are some algae which can 


excrete glycolate but higher plants Glycerate Glycolate 


cannot excrete it. Therefore, plants NAD Oxidase 
must convert it back to » NADH hte 
intermediate in the Calvin cycle. E Hydroxy Glyoxylate + 
. The conversion of glycolate into : pyruvate HO, 
glycine amino acid takes place by a a. Glutamate 
series of reactions in mitochondria, œ- KGA 
chloroplast and other cellular parts Serine Glycine 
especially in peroxisomes. 


r- Glycolate —> glycine amino acid J Serine Glycine 
Glycine diffuses into $ GB moleniiey) & 
mitochondria yhere every two E NH 4 
glycine molecules are converted E ba "k a 
= “ss 
NADH NAD* é 


into serine amino acid and CO». 


Zglycine ——> Serine+ co, Fig. 4.16 Photorespiration 
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This entire pathway is called photorespiration in which RuBP is converted into 
serine and CO, which uses ATP and NADPH, produced during light reaction like Calvin 
cycle. 

4.3.2 Disadvantages of photorespiration 

It is reverse to Calvin cycle (here CO, is released instead of being fixed into 
carbohydrates). Photorespiration reduces the amount of carbon fixation into 
carbohydrates by 25%. The role of photorespiration in plants is not thoroughly 
understood. It is presumed that photorespiration may be necessary for the assimilation of 


nitrates from the soil. 


4.3.3 Photosynthesis in C4 plants 

In normal process of 
photosynthesis a 3-C compound 
called PGA is formed as a first n 
detectable product of photosynthesis. i a REE Lisi tnael a 
Therefore, these plants are called C, p- | 
plants. However, there are some 
plants growing in dry and hot 
conditions which produce a four 
carbon compound (C4) called 
oxaloacetate as the first product of 
photosynthesis in dark reaction. 
These plants are called C4 plants and 
this type of photosynthesis is called 


C4 photosynthesis. 
C3 plants use rubisco to react 


CO, with RuBP, on the other hand C4 
plants use a different enzyme called 
phosphoenol pyruvate carboxylase 
(PEPCO) to fix CO, toa compound 
known as phosphoenol pyruvate 
(PEP). The PEP is reduced into 
another molecule called malate. The 
malate carry CO, to a special type of 
cells called bundle sheath cells 
where Calvin cycle proceeds. 


Fig.4.17 C4 pathway 
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Table 4.2 Comparison between C, and C, Plants 


zg 
L. 


In C, chloroplasts are located only In C, chloroplasts are present both in mesophy 


in mesophyll cells of leaf. cells as well as in bundle sheath cells. S 
In these plants all the mesophyll In these plants only mesophyll cells fix CO, by 
cells carry out Calvin cycle. using PEPCO while the bundle sheath cells c arry 
ve out Calvin cycle. istic 
In high temperature photosynthesis In high temperature the rate of photosynthesi: is 
is low. high. ih 


Example: Most of the plants are C, Example: They are found only in angiosperms 
plants such as pea, wheat, rice and suchas sugarcane, maize and mostly grasses. _ 
all woody trees. 


converts it into organic compounds (carbohydrates). 
e The internal membranes of chloroplasts are organized into sac-like thylakoids which 
are stacked on one another in columns called grana. 
Photosynthesis takes place in two steps: they are light reaction and dark reaction. 
Each photosystem consists of a light-harvesting complex and a core complex. Each 
core complex contains a reaction center with the pigment (either P700 or P680). 
e To build organic molecules, cells use raw materials provided by the light reactions. 
ATP provided by cyclic and noncyclic photophosphorylation while NADPH, 
provided by photosystem I. 
_@ Cellular respiration is the process in which cells acquire energy by breaking down the 
= Organic compounds. 
@ Cellular respiration involves four phases: glycolysis, the preparatory reaction, the 
ric acid cycle, and the electron transport chain. 
yeolysis is the breakdown of (6-carbon) glucose into two (3-carbon) pyruvate 


| e Photosynthesis is the only biological process that captures energy of sunlight and 
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Choose the best correct answer from the following. ba 
le for cyclic photo- 


Which among the following conditions is favourab 
phosphorylation: 

(a) Aerobic 

(b) Aerobic and low light intensity 

(c) Aerobic and optimum light 

(d) Anaerobic and low light intensity 

During the dark reaction of photosynthesis: 


2 
(a) Water is split off 
(b) CO, is reduced to organic compounds 
(c) Chlorophyll is activated 
(d) Glucose is broken down 
3. The enzyme that fixes atmospheric CO, in C4 plants is: 
(a) PEP carboxylase (b) Rubisco 
(c) RuBPcarboxylase (d) Hydrogenase 
4, The number of carbon atoms in RuBP which accepts CO, are in C3 plants 
is: 
(a) 2 (b) 3 
(c) 3 (d) 6 
5. Chlorophyll a differs from chlorophyll b in having a: 
(a) -CHO group (b) -COOH group 
(c) -CH, group (d) -NH, group 
6. NADPis: 
(a) Anenzyme (b) ApartofrRNA 
` (c) Acoenzyme (d) ApartoftRNA 
$ The compound that enters the Krebs cycle from glycolysis is: 
(a) Citricacid (b) Oxaloacetate 
(c) Pyruvicacid (d) Acetyl coenzyme A 
Fill in the blanks. 


i. 


Breakdown of water molecule during PS II of light reaction is 


called 
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